Abstract
Introduction

49
Reproduction in fish is rhythmic and timed to guarantee the maximum survival of the 50 offspring. Environmental cues, such as photoperiod and temperature cycles, synchronize the 51 5 were incubated for 48 h to determine hatching %. Total number of eggs produced daily was 132 related to the female biomass of the group at that time, to calculate the relative daily fecundity 133 (# of eggs kg -1 ). Total fecundity for each group was obtained at the end of the spawning 134 season and related to the female biomass of the group, to calculate the relative total fecundity 135 (total # of eggs kg -1 ) (Guzmán et al., 2008) . 136 137
Data analysis 138
Melatonin analysis 139 MEL levels in plasma samples were measured by a Radioimmunoassay commercial Kit 140 (Melatonin Direct RIA, Biosource, Belgium), with a lower limit of quantification (LLOQ) of 141 2 pg/mL, as described by Oliveira et al. (2007) . 142
143
Vitellogenin and Sex Steroid ELISA 144
To assess plasma VTG, T and E 2 in females, and T and 11KT in males, samples were 145 analysed in the facilities of the Institute of Aquaculture of Torre la Sal (IATS) (Castellón, 146 Spain), by enzyme-linked immunosorbent assay (ELISA) using protocols previously validated 147 for Senegal sole plasma samples (Guzmán et al., 2008) . 148
149
Statistical analysis 150
Statistical tests were performed using SPSS ® . Data are expressed as mean ± standard error of 151 the mean (S.E.M.). Plasma concentrations of MEL, VTG and sex steroids, were subjected to 152 one-way ANOVA, followed by a Duncan's post-hoc test (with a degree of significance of 153 p<0.05) to determine the existence of significant differences between sampling points. 154
Finally, a t-student test was performed (p<0.05) to detect the existence of differences in 155 spawning quality parameters between the two groups. 156 7 th to 29 th April, while the control group spawned also eight times but later, from 18 th April to 168 27 th May ( fig. 2, table 1 ). In what refers to spawn weight per day, egg buoyancy (%) and daily 169 mean fecundity there were no significant differences registered between groups (p<0.05 t-170 student test) although the values slightly differed (table 1) . In all cases no fertilized eggs were 171 obtained. 172
Regarding VTG and sex steroids in general, the profiles differed between the two 173 groups mainly at pre-spawning, being very similar at full and post-spawning. In females, 174 plasma VTG concentrations in the experimental group were significantly higher at MD in 175
March (pre-spawning) (6.2 ± 0.6 mg/mL) than at ML in April (full spawning) (3.1 ± 0.6 176 mg/mL), while for the control group, MD values in March (1.5 ± 0.4 mg/mL) were lower than 177 all samplings in April and May (mean values 5.3 ± 0.6 and 4.5 ± 0.5 mg/mL, respectively) 178 (fig 3) . Between groups, significantly different values were only observed at MD in March 179 (ANOVA, Duncan's test, p<0.05). For the sex steroids in females the pattern was very 180 similar, with most differences between the two groups being found in March. In the case of T 181 ( fig. 4a ), the experimental group values were significantly higher at ML in March (1.5 ± 0.2 182 ng/mL) than in all the other sampling points, and there were also higher concentrations 183 observed at March MD when compared to April MD (0.7 ± 0.2 and 0.3 ± 0.1 ng/mL, 184 respectively). Between groups, values just differed at ML in March. With regard to E 2 , March 185 ML plasma concentration in the experimental group were higher (7.4 ± 1.2 ng/mL) than in the 186 following months, while March MD values (5.7 ± 0.6 ng/mL) just differed from April MD 187 and May ML. Moreover, in April and in May MD and ML values differed, thus showing 188 day/night differences on these months. In the control group, day/night differences were also 189 observed in April, with higher values being detected at ML (4.6 ± 0.8 ng/mL against 1.5 ± 0.5 190 at MD ng/mL) (ANOVA, Duncan's test, p<0.05). Between groups, different plasma 191
concentrations of E 2 were observed in the sampling points ML in March and both at MD and 192 ML in May. 193 In the case of males, sex steroid concentrations (T and 11KT) only showed different 194 levels between groups in March. With regard to T rhythm, in both the experimental and 195 control groups the plasma concentrations registered in March were significantly higher than in However, these fish successfully spawned during the same period (spring) as the control 207 group but few days earlier, perhaps as a result of the increase in sex steroids and VTG 208 observed at pre-spawning. These animals were able to time the spawning season in the 209 absence of photoperiod information during three months prior to reproduction, which may 210 suggest they used other environmental cycles (seasonal changes in water temperature) or the 211 presence of a free-running reproduction rhythm. 212
The seasonality of reproduction in fish is known to be mediated by the naturally 213 changing pattern of photoperiod and temperature during the year, and, depending on the 214 species, either one or the other factor (or both combined) is the main cue to synchronize these 215 rhythms (Bromage et al., 2001; Falcón et al., 2010) . As a long-day breeder, in sole the 216 naturally lengthening day towards spring should play a key role in triggering the onset of 217 vitellogenesis, steroidogenesis and spawning. According to recent investigations (Vera et al., 218 2007) sole kept during the whole year in conditions of controlled temperature suffered a 219 disruption of the MEL rhythms, lost their annual environmental information and failed to 220 spawn. Furthermore, under such constant temperature conditions, the animals lost their annual 221 sex steroid rhythms, preventing spawning (García-López et al., 2006b; Oliveira et al., 2009) . 222
Based on all the above evidence, it seems that the main cue Senegal sole uses is temperature, 223 since the animals successfully synchronized their reproduction season without seasonal 224 information on the photoperiod. In spite of the stated in Bromage et al., (2001) considering 225 photoperiod as the principal determinant of maturation in flatfish, salmonids and in most other 226 teleosts, in Senegal sole we could be facing a different strategy, since this fish has evolved 227 interesting ways to synchronize spawning. In the case of the Eurasian perch, a species which 228 also spawns during spring, seasonal photoperiodic variations were required to induce and 229 control the reproductive cycle, although temperature also played an important role (Migaud et8 1995) or cod (Davie et al., 2003; Hansen et al., 2001) , studies have demonstrated a profound 232 effect of photoperiod on gonadal maturation, fecundity, sex steroid levels and spawning. In 233 contrast, both cues combined are required by cyprinids for the accurate synchronization of 234 reproduction (Hontela et al., 1990) . However, to the best of our knowledge, there is no 235 evidence of other teleosts from temperate latitudes using temperature as the main determinant 236 of the timing of reproduction. 237
The MEL concentrations reached during the night in the control group were similar to 238 those seen in the same species under natural thermo and photoperiod conditions for the same 239 months (Vera et al., 2007) . However, in the absence of the natural lengthening of the 240 photoperiod, the seasonal rise in nocturnal melatonin could not be detected within the time 241 frame of the samplings performed, thus suggesting that both photo and thermo information The rhythm of VTG in females was similar in the two groups, except during pre-248 spawning, and its concentrations remained high in all three months, generally similar to those 249 described before by Guzmán et al., (2008) . According to this author, Senegal sole showed 250 high circulating VTG levels during several months, suggesting vitellogenesis in this species 251 as a long term process. In our study, females from both groups also presented high 252 concentrations of VTG during the three months, suggesting on-going vitellogenesis during 253 of the daily rhythms, a change in its timing. However, the existence of day/night differences 269 in sex steroids strongly suggests that these concentrations do not remain static during the day. 270
Curiously enough, in all points day/night differences were observed, concentrations were 271 always higher during the day, with the exception of E 2 in May, when the experimental group 272 seemed to invert this tendency, presenting higher values during the night, suggesting an 273 alteration of the daily rhythm, and consequently of the daily peak. However, more time points 274 would be necessary to confirm such result. 275
The absence of egg fertilization observed in the present study is a common 276 phenomenon in the F1 generation of Senegal sole, as described previously in the studies of 277 Guzmán et al., (2008) and Agulleiro et al., (2006) and is probably due to a lack of synchrony 278 between females and males at the time of spawning. Due to this fact, in the present paper it 279
was not possible to determine whether the photoperiodic manipulation could be affecting the 280 final spawn quality. However, the other parameters accessed such as fecundity or egg 281 buoyancy rate seemed similar between two groups, not showing any tendency to an alteration 282 of quality. 283 284
Conclusions 285
In conclusion, Senegal sole deprived from photoperiod information during the last three 286 months prior to reproduction, sustained nocturnal MEL concentration from March to May, 287 abolishing the seasonal rise observed in natural conditions. However, animals maintained 288 their VTG and sex steroid rhythms, although at a higher level at pre-spawning compared with 289 the control group. As a result, the spawning rhythm persisted, though it was slightly advanced 290 
